Although inflammasome-mediated caspase-l activity and subsequent maturation of IL-IP are critical in host immune response against influenza, their roles in lung pathogenesis are not completely understood. Enhanced susceptibility of caspase-l-deficient mice to influenza has been attributed to decreased inflammation and augmented epithelial damage, while increased IL-IP release has been shown to exacerbate lung pathology. We challenged caspase-l-knockout and wild-type mice with high doses of influenza A (HINl) virus (500 pfu), Only 10% mortality occurred in wild-type mice, in contrast to 40% mortality in caspase-l-knockout mice which exhibited severe pathologic manifestations as a result of overwhelming inflammatory and cytokine/chemokine responses. Infected caspase-l knockout mice revealed neutrophil-dominant recruitment and elevated apoptotic inflammatory cells in the lungs, while 20% of these animals displayed focal lymphocytic infiltrates in the brains suggestive of mild focal encephalitis. In infected caspase-l knockout mice, cytokine/chemokine levels were reduced at 3 days postinfection, but robust increase in the levels ofTNF-a, IL-6, MIP-la, MCP-l, MIP-lP and RANTES were observed at 6 days post-infection, coinciding with exaggerated neutrophil influx. These results support our previous findings implicating excessive neutrophil infiltration in pathologic complications during influenza pneumonia. In addition, we observed an induction of IL-IP release in caspase-l knock-out mice at 6 days post-infection, indicating the involvement of caspase-l-independent activation of IL-lp.
evidence indicates that a combination of cytopathic effects inflicted by the virus and bystander damage triggered by exaggerated host innate immune responses contribute to severe lung pneumonitis (5) (6) (7) (8) (9) . Our previous studies elucidated the involvement of neutrophils and their released toxic enzymes in disrupting the epithelial-capillary barrier in the thin alveolar lung surface (8) . Three classes of patternrecognition receptors (PRRs) including toll-like receptors (TLRs), retinoic acid inducible gene-I (RIG-I)-like receptors (RLRs), and nucleotidebinding domain-leucine-rich repeat-containing molecules (NLRs) recognize molecular patterns in influenza virus, and are major players contributing to host inflammatory and immune regulation (10) (11) (12) .
The role of the NLR-dependent inflammasomepathway during influenza is established by exploiting mice lacking various inflammasome-pathway components (12) (13) (14) . One of the best characterized NLRs in viral recognition is the NLRP3 (NALP3 or Cryopyrin). NLRP3 recruits the adaptor apoptosisassociated speck-like protein containing a caspase recruitment domain (ASC), also known as PYCARD, which consists of an N-terminal PYD domain and a C-terminal caspase activation and recruitment domain (CARD) that is necessary for the binding of caspase-l to the inflammasome (15) . The activated caspase-I cleaves pro-Ib-l Band pro-IL-18 into their bioactive forms, which are involved in different proinflammatory responses (16) . Mice lacking the ILl R gene that encodes the receptor for IL-l~were found to be more susceptible to influenza infection, despite decreased inflammation and antibody responses (17) . Inflammasome-mediated IL-lã ctivation occurs in macrophages. Similarly, defects in inflammasome-signaling lead to severe outcome in influenza pneumonia, although the pathogenic basis of increased susceptibility in these mice is not completely understood. While contrasting results of histopathologic analyses and adaptive immune responses have been noticed in caspase-l knockout (KO) mice, these data allude to the beneficial role of caspase-l-mediated immune regulation in influenza pneumonia (13) (14) . On the other hand, early increase in IL-l~release has been linked to immunopathology due to intense inflammation and cytokine storm in severe influenza pneumonia ( 18). Although caspase-l activity is essential for IL-l~maturation, recent studies reported caspase-l independentmechanisms of IL-l~maturation in neutrophils, mediated by a serine proteinase, neutrophil elastase (19) . Other proteases such as proteinase-3, matrix metalloproteinase-9 (MMP-9) and granzyme A have also been shown to activate IL-I~(20-21). Although heightened neutrophil influx is common in severe influenza, the involvement of caspase-l-independent activation of IL-l~is unknown.
Here we demonstrate that the greater susceptibility ofcaspase-l KO mice to a high-dose influenza H 1N 1 virus challenge is attributed to enhanced neutrophil influx and overt cytokine/chemokine responses, especially at the later stage of infection. However, caspase-l deficiency did not influence adaptive immune response against influenza. We also revealed caspase-l-independent activation of IL-l~and robust elevation of neutrophil-specific chemokines, which suggest a restricted role of caspase-l in the complexity of innate immune regulation during severe influenza pneumonia.
MATERIALS AND METHODS

Animal genotypes and irfluenza virus infection
Heterozygous (CASPI+/-) mice were generated by back-crossing male and female homozygous caspase-I KG (CASPI-/-) mice with wild-type (WT) C57BL/6 mice to start the colony. Subsequently, heterozygous (CASPI+/-) male and female mice were mated. Animals were housed in micro-isolator cages in an animal BSL-2 laboratory facility. All animal experiments were approved by the Institutional Animal Care and Use Committee, National University of Singapore (protocol number 035/07), and were performed in strict accordance with the recommendations. Homozygous KG (CASPI-/-) and WT (CASPI+/+) mice (8-10 weeks old) were anesthetized with a mixture of 7.5 mg/ml ketamine and 0.1 mg/ml medetomidine, and revived with 100 III of 1.0 mg/ml of Antisedan (atipamezole hydrochloride) solution by intraperitoneal injection. Mice were infected intra-tracheally with 50 III of PBS containing 500 plaque-forming units (pfu) of influenza A/Puerto Rico/8/34 (H IN I) or PR8 virus (American Type Culture Collection, Manassas, VA, USA). Animals were monitored daily for weight loss and clinical signs. For survival study analysis, animals were monitored for 7 days, and mortality was ascribed to those mice that lost more than 25% body weight which were euthanized. Animals were sacrificed on 3 and 7 days postinfection (dpi) for histopathologic analyses and virus titers, while animals meant for analyses ofbronchoalveolar lavage fluid (BALF) were sacrificed on 3 and 6 dpi.
Harvesting oflungs, sera and BALF
Following euthanasia of mice, blood was immediately collected by intra-cardiac puncture to extract serum samples which were stored at -80°C until further use. For histopathologic analyses, whole lungs were fixed in neutral-buffered formalin and embedded in paraffin. BALF samples were collected from left lung lobes as described previously (22) . The recovery of BALF was more than 90% for all animals. The right lung samples were snap-frozen in liquid nitrogen for RNA extraction and viral titration. BALF specimens were centrifuged and cellfree BALF supernatants were stored at -80°C until further use. BALF cells were resuspended and enumerated by trypan blue staining and Neubauer hemocytometer under light microscopy (22) . Total cell counts were calculated by taking into account the volume in which BALF cells were resuspended. For differential cell counts, the cells were centrifuged onto microscopic slides using a StatSpin CytoFuge 2 (Iris Sample Processing, Westwood, MA, USA), and subjected to modified Giemsa staining. Cells (500 per animal) were counted based on their morphology and nuclear staining at 400 xmagnification.
Viral titration by plaque assay
Lung tissues obtained from mice at 3 and 7 dpi were homogenized using a gentleMACS dissociator. The homogenates were centrifuged for 5 min, and the supernatants were collected. Serial ten-fold dilutions of lung homogenates were inoculated into Madin-Darby canine kidney (MDCK) cells (American Type Culture Collection) in 24-well plates. After I h, cells were layered with 0.6% Avicel in minimum essential medium (MEM) and incubated at 35°C with 5% CO 2 for 3 days. After incubation, cells were fixed with 20% formalin, stained with I% crystal violet solution, and examined for the number of plaques.
RNA extraction, classical and quantitative real-time PCR (qRT-PCR)
Extraction and purification of total cellular RNA from animal tissues were carried out using an RNeasy mini kit (Qiagen, Hilden, Germany). RNA (l ug) was reverse-transcribed, and qRT-PCR was performed using a LightCycler 2.0 instrument with gene-specific primers targeting IL- Cross-over threshold cycle (C T ) values were used for relative quantification analyses. Relative expression was calculated based on the 2-M C T value (22) . For caspase-l genotyping of mice, three primers were used for classical PCR ofDNA from mouse tail snips, i.e. caspase-I Exon6F, Exon7R, and NeomR (5'-GCCAGCTCATTCCTCCACT-3'). A single 754-bp PCR product represented WT genotype, whereas a single 380-bp amplicon indicated KO genotype. The presence of both bands denoted the heterozygous genotype. For influenza virus detection, classical reverse transcription-PCR was performed with NS I gene primers (5'-CAGCACTCTTGGTCTGGACA-3' and 5'-GGAAGAGAAGGCAATGGTGA-3 ').
Western blot analyses
Lung homogenates or BALF were subjected to lysis buffer containing 10 mM Tris-HCl (pH 7.5) and 150 mM NaCI in I% Triton X-IOO supplemented with Complete Mini Protease Inhibitor cocktail (Roche Applied Science, Mannheim, Germany). Protein samples (30 ug each) were separated on SDS-PAGE, and transferred onto polyvinylidene fluoride membranes. Membranes were blocked in 5% non-fat dried milk in 100 mM Tris-buffered saline containing 0.1% Tween 20 (TBST), and probed at 4°C overnight with antibodies against~-actin (loading control) and IL-I~(l: 1000) (Cell Signaling Technology, Danvers, MA, USA) that detects endogenous levels of both the 3 I kDa precursor and 17 kDa mature forms of IL-I~. Membranes were then washed thrice (5 min each) in TBST, and incubated with horseradish peroxidaseconjugated secondary antibodies (I :5000). After washing thrice (5 min each), each blot was developed with enhanced chemiluminescence reagents, and exposed to X-ray film to visualize the protein bands. Densitometric analyses were performed for all protein bands using a densitometer (Bio-Rad, Hercules, CA, USA).
Histopathologic analyses and TUNEL assay
Formalin-fixed organs including lungs, brain and heart were embedded in paraffin wax, and processed for hematoxylin and eosin (H&E) staining. Histopathologic analyses were evaluated by two experienced histopathologists in a blinded manner. To generate the lung injury score, a total of 300 alveoli were counted on each slide at 400x magnification. Within each field, points were assigned according to predetermined criteria as described (22) . The injury score was calculated according to the following formula: [(alveolar haemorrhage points/no. of fields) + 2 x (alveolar infiltrate points/no. of fields) + 3 x (fibrin points/no. of fields) + (alveolar septal congestion/ no. of fields)]/total number of alveoli counted. To detect apoptotic cells, lung sections were subjected to TUNEL assay using the In Situ Cell Death Detection kit, POD (Roche Applied Science) as described previously (23) .
Multiplex cytokine assay
Cytokine levels in BALF were measured using a Bio-Plex Pro Mouse Cytokine 23-plex assay (Bio-Rad) according to the manufacturer's protocol. Briefly, 50 III of pre-mixed beads coated with capture antibodies were added to a 96-well plate. Beads were washed twice, 50 III each of standard and BALF samples in 1% BSA were added to the wells, and incubated at room temperature for 30 min. Beads were then washed thrice, and incubated with detection antibodies at room temperature for 30 min. After incubation, streptavidin was added and incubated for 10 min. Beads were suspended in Bio-Plex assay buffer, read using the Bio-Plex 200 System, and data were analyzed with Bio-Plex Manager 5.0 software (Bio-Rad).
ViaCount assay for cell viability
Viable and non-viable cells in BALF were determined by the Guava ViaCount assay (EMD Millipore, Billerica, MA, USA). BALF samples were centrifuged and cell pellets were resuspended in 100 III of 10% FBS in PBS. Cell suspensions (20 III each) were mixed with ViaCount Reagent (180 Ill) for 5 min, subjected to counting with the Guava EasyCyte Mini flow cytometry system, and viable cell counts were determined using the ViaCount module in the Guava CytoSoft software.
Gene microarray analyses
Gene expression microarray analyses were performed on the RNA samples extracted from lungs of infected and mock-infected, WT and caspase-I KO mice harvested at 7 dpi. RNA from 3 mice per experimental group were pooled and used for each array in triplicate. Experiments were performed on MouseRef-8 v l ,I Expression BeadChip micro arrays (consisting of -25,000 70-mer probe sequences, -30 replicates for each probe) using a TotalPrep RNA Amplification kit (IIIumina, San Diego, CA, USA) as described previously (24) . Slides were scanned using the BeadArray Reader (IIIumina) with scan factor of 0.5 and at the Cy3 channel-specific wavelength. The probe ID, average signal value, and detection p-values were obtained from GenomeStudio as the sample probe profile. The data were imported into GeneSpring GX 11.5 software (Agilent Technologies, Santa Clara, CA, USA) and Single Color Guided Workflow to find differentially expressed genes for the normalization of raw data. Two parameters were created for the experimental groupings, i.e. animal genotype and infection. Two-way ANOVA was performed with Benjamini-Hochberg False Discovery Rate (FDR) multiple testing correction. A fold-change cut-off of 1.5 was selected in the analysis following the two-way ANOVA analysis, with corrected p-value cut-off of 0.05 being considered as significant.
Determination of influenza antibody titers by neutralization assay
Antibody titers in serum samples collected after 7 dpi from WT and caspase-I KO mice were performed by micro-neutralization assay. Two-fold dilutions of each serum sample were mixed with 100 TCID so of PR8 virus before infecting MDCK cells (2 x 10 4 per well). Cells were infected with sera from both infected and uninfected animals with 2 ug/ml ofTPCK-trypsin in Eagle's MEM. After 2 h, cells were replaced with serum-free medium and incubated for 3 days. The absence of cytopathic effect was indicative ofthe neutralizing activity ofthe antibodies present in the serum sample. The neutralizing antibody titer is defined as the reciprocal of the highest dilution of serum at which the viral infectivity was completely neutralized in 50% of the wells. The geometric means of antibody titers were calculated.
Statistical analyses
Data were expressed as mean value ± standard error (SE). The two-tailed Student's unpaired r-test was used for statistical analyses and comparison of means. Values with p<0.05 were considered to be statistically significant.
RESULTS
Caspase-l knock-out mice are more susceptible to influenza infection with increased viral titers, aggravated lung and brain pathology
We infected WT and KG mice with a high dose of influenza virus. Animals lacking caspase-l showed severe signs of illness and 40% of mice died by 7 dpi, while only 10% lethality was observed in WT mice ( Fig. I A) . Viral titers in the lung homogenates of infected KO mice were notably higher at both 3 and 7 dpi ( Fig. 1 B) . To substantiate whether the increased mortality in infected KG mice reflects the severity oflung injury, we performed histopathologic analyses. Severity of lung lesions was comparable between infected WT and KO mice at 3 dpi ( Fig.  2 A) . Mild alveolar damage and focal intra-alveolar fibrin exudates were observed in both animal groups at 3 dpi. Prominent inflammatory cellular infiltrates were noted in peri-bronchial and peri-vascular regions (Fig. 2 B) . Interestingly, at 7 dpi, the severity oflung damage was greater in KO mice compared to WT mice. Lungs from KO mice exhibited increased intra-alveolar fibrin exudates, alveolar septal congestion, and intense inflammation. Alveolar airspaces were frequently filled with inflammatory cells, erythrocytes, and proteinaceous material. Necrotic and desquamated bronchiolar and alveolar lining epithelia were prominently seen in KG mice ( Fig. 2 C) . At 6 dpi, both mouse genotypes exhibited vascular leakage which was more pronounced in KG mice. No vascular leakage was observed at 3 dpi ( Fig. 2 D) . Interestingly, we observed inflammation in the brains of 2 out of 10 infected KG animals at 7 dpi, with perivascular lymphocytic infiltration and focal aggregates of lymphocytes, and some features of gliosis (Fig. 2 E) . However, the virus was not detected in the brains of either animal group by virus plaque assay and classical RT-PCR. No histologic abnormalities in heart tissues were found (data not shown).
Mice lacking caspase-l show increased inflammatory infiltration and cell death
Previous studies documented reduced leukocyte recruitment into the lungs of mice lacking the caspase-l gene. The decreased cellular infiltrates were attributed to diminished caspase-l-mediated signaling involved in activation of IL-l~and IL-18 (13) . In contrast to these reports, we observed escalated inflammatory cell numbers in infected KG mice at both 3 and 6 dpi compared to WT mice ( Fig.  3 A, B , C), although greater cellular influx was found at 6 dpi. The discrepancies in total cell numbers may be due to the differences in viral challenge dose and method of estimating the cellular infiltrates. We estimated the total cells using trypan blue staining and hemocytometer under light microscopy. For differential counts, BALF cells were identified morphologically by Giemsa staining. Among the cellular infiltrates, neutrophils were predominant at both time-points and total cell numbers were higher at 6 dpi. In addition, we also performed the ViaCount assay, which measures the percentage of viable, mid-apoptotic and dead cells. Infected caspase-l KG mice had higher percentages of dead and midapoptotic cells compared to WT mice at 6 dpi ( Fig. 3  D) . Furthermore, we found increased percentage of TUNEL-positive apoptotic cells within the alveolar epithelial lining of infected KG mice, compared to 
. Elevated inflammatory cell counts and apoptosis in inf ected mice lacking caspase-I . WT and caspase-I KO mice
were challenged with a high dose ofinfluenza virus. and total and diff erential counts in BALF samples were determined at 3 and 6 dpi. Total cell counts were ascertained by trypan blue exclusion assay. A) Leukocytes were identified by Giemsa staining, i.e lympho cyt es (asterisks), macrophages (arrowheads), and neutrophils (arrows), exemplified at 6 dpi. Considerably higher numbers ofneutrophils were noteworthy in BALF ofinf ected caspase-I KO mice (black bars) than WT mice (white bars) at both (B) 3 dpi and (C) 6 dpi (n=3 per group). D) Cell viability ofthese inflammatory cells in BALF ofmice at 6 dpi (n=6 per group) was evaluated by staining with ViaCount reagent followed by flow cytometry.
Interestingly. cells from infected caspase-I KO mice (black bars) exhibited lower viability, with increased percentages of dead or mid-apoptotic cells. E) Alveolar epithelial cell death was assessed by TUNEL staining ofmouse lung sections at 7 dpi (n=6 per group). Alveolar epithelial apoptosis was quantified by the number of TUNEL-positive nuclei present within the alveolar epithelial lining. Infected caspase-I KO mice (black bars) revealed augmented apoptotic index which represents the average percentage o/TUNEL-positive cells in the alveolar surface.
WT counterparts at 7 dpi ( Fig. 3 E) . These results reiterate the escalated alveolar epithelial damage with greater severity of injury in mice lacking caspase-I .
Caspase-l KG mice exhibit increased cytokine and chemokine responses
Previous studies using lethal influenza challenge doses demonstrated dampened cytokine/chemokine levels in caspase-I KO mice at early time-point (3 dpi), which are in agreement with our results (13) (14) . However, we observed significant induction of most of these cytokines/chemokines at 6 dpi in infected caspase-I KO mice compared to WT mice, thus explaining the increased neutrophils and macrophages at 6 dpi. We measured the levels of 23 cytokines/chemokines in the BALF collected from infected caspase-I KO and WT mice at I, 3 and 6 dpi. As shown in Fig. 4 , macrophage inflammatory protein (MIP)-I a, MIP-IP, RANTES (regulated on activation, normal T-cell expressed and secreted), 
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infected WT mice were 2-3 fold higher than infected caspase-1 KO mice at both 3 and 7 dpi (Fig. 5A,  B) . We also evaluated maturation of IL-1~protein in lung homogenates and BALF by Western blot analyses. Total secreted IL-1~levels were elevated significantly in infected caspase-I KO mice compared to mock-infected KO mice. Levels of pro-Ib-I]l protein (31 kDa) in lung tissue and BALF increased significantly in both infected WT and caspase-I KO mice, although the levels were higher in WT mice. Activated/cleaved IL-1~(17 kDa) was about 2-3-fold higher in infected WT mice compared to infected caspase-1 KO mice (Fig. 5C, D) . IFN-y, and monocyte chemoattractant protein (MCP)-1 were significantly elevated at 6 dpi. However, the levels of these chemokines were comparable at 3 dpi between WT and KO mice. In contrast to our findings, previous investigators showed loss of MIP-2 and mouse KC, which are linked to reduced cellular infiltrates in caspase-1 KO mice. However, they estimated cytokine/chemokine levels only at 3 dpi, but not at later time-points. Similar to our findings, they also found reduction in most of the cytokines/ chemokines at 6 dpi in BALF samples of infected WT mice only. Our results suggest that elevated cytokines/chemokines at later stages of infection in caspase-l KO mice contribute to increased cellular infiltrates.
Infected caspase-I KG mice display significantly less IL-lfJ activation than infected WT mice
Caspase-I mediated activation of IL-1~is critical in the inflammatory response. The lack of caspase-1 decreases IL-I~processing and release of bioactive IL-1~ (13) . Levels of IL-1~mRNA in
Differentially expressed genes in the injiuenzainfected caspase-I-deficient mice
In defining the role of caspase-I signaling in influencing host gene expression during influenza pneumonia, pulmonary transcriptional changes between infected caspase-1 KO and WT mice at 7 dpi were compared. A total of 69 genes were significantly differentially expressed (p<O.05) in the lungs of the infected KO group compared to the infected WT group, with fold-changes of at least 1.5-fold higher (22 genes) or lower (47 genes). Genes upregulated in the infected KO mice involved in immune and inflammatory responses include chemokine (C-C motif) ligands CCL8 (or MCP-2) and CCL4 (or MIP-I~), IFN-y, ICOS; and cytolysis or killing e.g. perforin (PRF-1), killer cell lectinlike receptor, subfamily A, members (KLRA4, KLRA7, KLRA 18) and natural killer cell group 7 sequence (NKG7). Gene expression of leukotriene B4 receptor (LTB4R), long pentraxin (PTX3), and cathepsin W were also upregulated in the infected KO mice. Genes that were downregulated participate in structural integrity e.g. surfactant protein C, keratin (KRT14, KRT15), PDZ and LIM domain 3 (PDLIM3), synemin (SYMN), collagen, type XVII, alpha I (COLl7AI), tropomodulin-l (TMOD 1); and mitochondrial respiratory chain and energy transduction e.g. cytochrome c oxidases (subunit VlIIb COX8B and subunit VIa polypeptide 2 COX6A2); and ATPases e.g. ATPase, Na+/K+ transporting, alpha 2 polypeptide (ATP1A2) and myosin, heavy chain 6, cardiac muscle, alpha (MYH6). Specifically, in the infected KO mice, CASP1 and CASP4 were downregulated by 3.9-fold and 22.7-fold respectively, compared to the infected WT mice. This further verified the genotyping of the caspase-I KO mice, which was also confirmed by the absence of caspase-I mRNA expression in infected KO mice by qRT-PCR compared with the 3.2-fold and 4.8-fold increased caspase-I expression in infected WT mice at 3 and 7 dpi, respectively (p<O.OI).
Caspase-I does not affect the production of neutralizing antibodies against influenza virus
Sera from infected and mock-infected mice of both genotypes collected at 7 dpi, were subjected to micro-neutralization assay. No neutralizing antibodies were found in the sera of mock-infected mice. Neutralizing antibodies were detected in infected mice at 7 dpi ( Fig. 6) , with no significant difference in antibody titers between the infected mouse genotypes. Previous studies indicate that PR8 virus-specific neutralizing antibodies of both IgM and IgG classes are protective in mice (25, 26) . In addition, antibody-secreting cells in the draining mediastinal lymph nodes can be detected as early as 7 dpi (13) .
DISCUSSION
lnflammasome-mediated caspase-l activity, required for cleavage of precursor forms of IL-I~and IL-18 into their bioactive proteins, is an essential component in immune regulation against microbial infections. This explains the enhanced susceptibility of caspase-l KO mice to infection with Listeria monocytogenes and Burkholderia pseudomallei (27, 28) . Earlier studies revealed the vital role of inflammasome-signaling in lung repair and adaptive immunity during influenza virus infection (12, 14) . Reduced IL-I~maturation dampens inflammation and cytokine response, and is linked with increased susceptibility to influenza (13, 14) . Another study demonstrated enhanced lung pathology due to the cytokine storm induced by activated inflammasome-signaling (18). These discrepancies allude to not only the complexity of immune regulation, but also inconsistency arising from variability in virus virulence and dosage, thus warranting a better understanding of inflammasomemediation in the immunopathology of influenza pneumonia. In this study, we have demonstrated that increased susceptibility of caspase-I KO mice to high-dose influenza infection is partly attributed to robust induction of chemokines/cytokines. We found intense neutrophil influx, increased alveolar epithelial apoptosis, and elevated MIP-I a, RANTES, MIP-Iã nd MCP-I as contributing factors in exacerbating lung pathology in caspase-l KO mice after highdose influenza virus challenge. Interestingly, focal lymphocytic infiltrates in brain tissue suggestive of mild focal encephalitis were noted in 20% of infected caspase-I KO mice at 7 dpi, although virus was not detected in brain samples. This finding is congruent with the presence of some inflammation in the brain but without detectable viral antigen in 18% of ferrets infected with low-virulence H5NI avian influenza viruses (29). The association between encephalitis lethargica and influenza infection has also been documented in clinico-pathologic studies (30) (31) (32) .
Two studies using knock-out mice lacking various inflammasome components indicated that defects in inflammasome signaling and caspase-l activation culminate in enhanced fatality after influenza challenge (13, 14) . However, their results displayed contrasting histopathologic manifestations in the lungs. Allen et al. (14) demonstrated that mice lacking NLRP3 display decreased lung pathology, while Thomas et al. (13) showed increased lung injury and alveolar damage in NLRP3 and caspase-I KO mice. Our results partially support the latter study as we found enhanced alveolar epithelial apoptosis. However, in contrast to these studies, we noticed overwhelming inflammation, fibrin deposition and neutrophil influx in caspase-l KO mice. Despite the lack of caspase-l , there was an increased influx of cellular infiltrates in caspase-l KO mice, more prominently at the later stage of infection (6 dpi). One possible explanation for the differences in cellular infiltrates may be due to the method of quantification. Cells collected from BALF comprise significant numbers in apoptotic and mid-apoptotic stage, thus rendering it difficult to identify surface-labeled leukocyte markers by classical flow cytometry. We determined the cellular infiltrates by trypan blue and Giemsa staining after cytocentrifugation. Neutrophils constitute the majority of inflammatory cells, whose numbers were significantly higher in caspase-I KO mice than in WT mice. The apparent increase in dying inflammatory cells in caspase-I KO mice may explain increased viral loads, due to their compromised virus clearance activities. On the other hand, we noticed significant numbers of macrophages with disintegrated nuclei, suggesting loss of their phagocytic activity, which may lead to increased numbers of neutrophils in the lung air-spaces. Previously, we showed that depletion of macrophages enhances influx of neutrophils and release of neutrophil extracellular traps (NETs), which cause alveolar-capillary damage resulting in augmented vascular leakage (8) . Similar studies also revealed direct cytotoxic effects of NETs on alveolar epithelial and endothelial cells (33, 34). The increased pulmonary edema and alveolar damage in caspase-l KO mice thus implicate neutrophils in instigating these pathologic events resulting in loss of surface area for gas-exchange, and increasing susceptibility to influenza.
In view of the contrasting findings of inflammatory cell recruitment between caspase-l KO and WT mice, we further evaluated cytokine/ chemokine levels in BALF at 1, 3 and 6 dpi. Our results concur with the previous finding that the levels ofTNF-a and IL-6 were decreased at 3 dpi (13, 14) . Interestingly, at 6 dpi, significant increase not only of TNF-a and IL-6 but also other chemokines (including MIP-l a, RANTES, MIP-l~and MCP-1) were found in caspase-I KO mice compared to WT mice. These results may explain the increased neutrophil-predominant influx in caspase-l KO mice. Furthermore, pro-inflammatory cytokines (including IFN-y and TNF-a) have been shown to induce CC chemokine receptor expression in neutrophils, which significantly alters neutrophil functions such as respiratory burst, degranulation and chemotaxis, thus potentially contributing to tissue injury (35, 36). Previous studies determined cytokine/chemokine levels only at 3 dpi, but the increased levels of these cytokines/chemokines were more apparent at the later stage of infection. Defective processing ofIL-lĩ n caspase-l KO mice was evident by the decreased maturation of IL-l~at 3 dpi, thus signifying the importance of caspase-l in IL-l~processing at the early stages of infection. However, compensatory activation of other chemokines/cytokines at the later stages of infection could thus lead to uncontrolled immune response to influenza-induced lung injury. Incidentally, we observed increased bioactive IL-l~release in infected caspase-I KO mice compared to uninfected control mice at 6-7 dpi in both BALF and lung homogenates. These results are noteworthy, and elucidate the involvement of other factors in the maturation of IL-l~. Furthermore, our microarray analyses revealed significant elevation of inflammatory cytokines and several proteases in caspase-l KO mice compared to WT mice after influenza infection. For example, infected KO mice exhibited higher expression of cathepsin W, a cysteine protease expressed in natural killer cells and CD8 T-cells, and released during target cell killing (37) . Interestingly, pathogenic Neisseria gonorrhoeae bacteria robustly activate cathepsin B, a cysteine protease that controls downstream activities ofNLRP3 including IL-l~production (38) . Infected KO mice also revealed downregulation of SERPINB2, the inflammation-associated serine protease inhibitor that regulates Thl responses (39) . Consistent with the higher mortality and pathology of infected KO mice was the diminished expression of genes mediating structural integrity and energy production. It is notable that infected KO animals showed reduced gene expression of surfactant protein C, a marker of alveolar type 2 epithelial cells which are stem cells in adult lung (40) .
Although inflammasome-signaling is essential for IL-l~processing in macrophages, serine-proteases such as neutrophil elastase, proteinase-3, MMP-9 and granzyme A are also able to convert pro-Ik-If into the functional form (19) (20) (21) . Since influenza infection induces various proteases including MMP-9, neutrophil elastase and proteinase-3, the contribution of these proteases may possibly be linked to the increased IL-l~maturation in caspase-l KO mice (8, 22, 41) . Similarly, upon influenza infection, alveolar epithelial cells and macrophages produce various chemokines and cytokines, which may participate in inflammatory responses (42, 43) . These studies suggest that early downregulation of cytokines/chemokines in caspase-l KO mice may be due to caspase-l dependent suppression. However, at the later stage of infection, enhanced neutrophil influx and release ofthese chemokines/cytokines can be attributed to the increased viral load in the lungs of caspase-l KO mice, and may reflect caspase-I independent activation of IL-l~. No difference in antibody responses was observed between WT and caspase-l KO mice, which supports previous reports that caspase-l may not playa pivotal role in adaptive immune responses. Although Ichinohe et al. (12) demonstrated that defective caspase-I activity influences the adaptive immune responses, they used only a sub-lethal dose (10 pfu) of influenza virus, whereas we and others used a high dose of virus (500 pfu). In conclusion, our findings underscore that innate immune regulation during influenza is a complex process, and that inflammasome-mediated caspase-l confers beneficial effects, but is not the only decisive factor to influence the outcome of the disease severity. Moreover, the loss ofinflammasomemediated caspase-l activity also induces alternative mechanisms of IL-I P processing and chemokine/ cytokine production, which may exacerbate the immunopathology during influenza pneumonia. These studies indicate that innate immune regulation in influenza is an elaborate process that requires intricate analyses to design therapeutic strategies for targeting immuno-modulation in severe influenza infection.
